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THERE ARE INDICATIONS THAT the increase in fructose consumption in the form of high-fructose corn syrup in the last decades has paralleled the increased incidence of obesity and diabetes (1, 12) . Consumption of high levels of fructose in humans and animals leads to insulin resistance, obesity, hypertension, autonomic dysfunction, and lipid and renal abnormalities (1, 5, 8, 10, 13) . The cluster of metabolic and hemodynamic alterations, known as metabolic syndrome, has reached epidemic levels worldwide (1, 17, 48) .
There is much information on the cardiovascular and metabolic effects of a high-fructose diet in animal models. Fructosefed rats and mice show moderate hypertension and glucose intolerance, associated with increased levels of plasma insulin, cholesterol, and triglycerides (9, 13, 20, 23, 24, 31) . There is consistent evidence for a role of the sympathetic nervous system and the renin angiotensin system (RAS) in fructoseinduced cardiovascular and renal changes (5, 8, 13, 23, 41, 47) . Our group demonstrated that only a 8-wk consumption of a fructose-enriched diet in mice was sufficient to induce prominent metabolic and cardiovascular changes, seen as glucose intolerance, as well as nocturnal hypertension (13, 14) . These cardiometabolic changes were associated with an increase in systolic arterial pressure (SAP) variance and its low-frequency (LF) domain and increased plasma ANG II (13, 14, 41) . We also demonstrated that rats subjected to fructose overload provided in the drinking water showed increased blood pressure and insulin resistance along with reduced cardiac vagal tone (5) . In healthy humans, acute ingestion of fructose, but not water, significantly increased, heart rate, blood pressure, and SAP variability, while it decreased cardiovagal baroreflex sensitivity (BRS) (6) .
Correlations between cardiovascular, autonomic, and metabolic dysfunctions in humans and animals have been demonstrated (5, 13, 14, 17, 19, 46) . Van Gaal et al. (46) postulated that two common pathways in the pathogenesis of obesity and cardiovascular disease are insulin resistance and low-grade inflammation. Visceral obesity and insulin resistance increase cardiovascular risk by classical mechanisms, such as dyslipidemia, hypertension, and deficits in glucose metabolism. Dysfunction also occurs via hormonal and immunological changes induced by leptin, resistin, and adiponectin, all secreted from adipocytes. This may lead to increased oxidative stress, considered to be a pathogenic mechanism linking obesity and insulin resistance with endothelial dysfunction. Excess weight and obesity are associated not only with increased oxidative stress, but also with elevated systemic inflammation, activation of the coagulation cascade, disturbances in the RAS, and, most importantly, enhanced lipid and protein oxidation, resulting in the generation of oxidized low-density lipoprotein (46) . Furthermore, Hellstrom (19) presented convincing evidence that the development of a diverse group of diseases, such as hypertension, diabetes, and heart disease, is favored by increased sympathetic neural outflow, resulting in endothelial dysfunction, dyslipidemia, inflammation, and insulin resistance. This is likely ameliorated by an opposing parasympathetic homeostatic shift. Studies in animal models also show that efferent vagal outflow inhibits proinflammatory cytokine production and systemic inflammation, identifying an immunoregulatory function of the vagal nerve (3, 21) . Recently, Haensel et al. (18) in a review of 13 clinical studies involving healthy individuals or patients with cardiovascular, metabolic, or renal diseases, concluded that there was an inverse association between decreased heart rate variability (HRV) and subclinical inflammation. A key point is that in many clinical and/or experimental studies, the time points for examination of the relationship between autonomic function and cardiovascular and metabolic sequellae are usually limited to a fixed time point. There is little information on the time course of the changes, making it difficult to draw correlative conclusions.
Thus, we conducted a study using a mice model to examine the time course (from 2 wk to 2 mo) of metabolic, autonomic, and cardiovascular alterations induced by fructose overload. We used radiotelemetry for chronic 24-h blood pressure measurements and the autoregressive spectral method for blood pressure and heart rate analysis. We tested the hypothesis that fructose consumed in the drinking water causes time-dependent changes in blood pressure and autonomic function. We further evaluated the time course of metabolic changes by measuring plasma glucose, lipids, insulin, leptin, resistin, adiponectin, and glucose tolerance.
MATERIALS AND METHODS
General procedures. Experiments were performed in male C57BL/6 mice (Harlan, Indianapolis, IN), 24 -29 g (study beginning at 2 mo of age). Mice were housed individually at 22°C on a 12:12-h light-dark cycle (0500 -1700, lights on). The experiment was begun after a 1-wk acclimatization period. Wright State University's Laboratory Animal Care and Use Committee approved all experiments.
Mice were given ad libitum access to a standard pellet diet (30% protein, 58% carbohydrate and 12% fat) and water or water containing fructose (100 g/l). Chow and fluid consumption were measured at the 60-wk time point. Caloric intake was calculated using the equations: 1 g chow ϭ 2.89 kcal and 1 g fructose ϭ 4.0 kcal (5).
After 7 days on the dietary regimen, telemetric catheters were inserted and cardiovascular measurements (n ϭ 8 animals) were made at 15 days (F15 group) and 60 days (F60 group). A control group (n ϭ 6) was conducted in parallel. For the surgical procedure, mice were anesthetized with ketamine/xylazine (120:20 mg/kg im). Catheters (model TA11PA-C20, Data Sciences International, St. Paul, MN) were inserted into the left common carotid artery, as previously described (10) . Additional groups were used for evaluation of glucose tolerance at 15 and 60 days (n ϭ 7 each group) and were killed by decapitation for blood collection.
Cardiovascular parameters and locomotor activity. Cardiovascular parameters and locomotor activity were recorded by radiotelemetry (Data Sciences International). BP recordings were made at a high sampling rate (5 kHz) for 1 h during the light (0700 -0800) and dark (1900 -2000) light-dark periods. Continuous 24-h recordings (500 Hz) were made to determine the light-dark patterns. HR or pulse interval (PI) was calculated from the pressure signal. Twenty-four-hour locomotor activity was measured with the radiotelemetric system, which records animal movement (13, 14) .
Variance and spectral analysis. Overall variability of PI and SAP was assessed in the time domain by means of variance (standard deviation of mean 2 ) and the root mean square of successive differences (RMSSD). PI and SAP fluctuations were assessed in the frequency domain using autoregressive spectral analysis, as described elsewhere (13, 33) . Briefly, PI and SAP series were divided in segments of 350 beats and overlapped by 50%. A spectrum was obtained for each of the segments via the Levinson-Durbin recursion, with the model order chosen according to Akaike's criterion, ranging between 10 and 14. The oscillatory components were quantified in low-(LF: 0.1 to 1 Hz) and high-(HF: 1 to 5.0 Hz) frequency ranges. The LF band for SAP and PI oscillations was similar to that used by Janssen et al. (22) . The power spectrum density was calculated for each recognizable component in the LF and HF bands by integrating the spectrum of the components. The power is expressed as LF and HF power, as described elsewhere (23, 33) . When analysis showed the presence of very slow oscillations (Ͻ 0.1 Hz), which contributed to more than 80% of the segment variability, the segment was discarded from the analysis. Spontaneous BRS was calculated for each day/night recording period using the sequence analysis technique (2) .
Glucose tolerance test. The glucose tolerance test (GTT) was performed in controls and mice consuming fructose for 15 and 60 days. Animals were fasted for 6 h and injected with glucose (1.5 g/kg ip). Blood samples were taken from a tail cut at 0, 15, 30, 60, 90, and 120 min after the glucose load. Glucose concentrations were determined using an Accu-Check Advantage Blood Glucose Monitor (Roche Diagnostic, Indianapolis, IN) (13) .
Metabolic hormonal measurements. Blood was obtained by decapitation in controls and mice consuming fructose for 15 and 60 days (0900 -1100). Plasma was immediately separated and stored at Ϫ80°C. Tests were performed by the University of Cincinnati Mouse Metabolic Phenotyping Center (Cincinnati, OH). Plasma insulin, leptin, resistin, and adiponectin levels were measured by radioimmunoassay using 20-l aliquots with a multiplex system (Lincoplex Multiplexed Biomarker Immunoassays for Luminex Linco Research, St. Charles, MO). Total plasma cholesterol and triglycerides were determined by enzymatic assays (Thermo Fisher Scientific, Waltham, MA).
Statistical analysis. Results are expressed as means Ϯ SE. Data were compared using repeated-measures ANOVA followed by NewmanKeuls test for multiple comparisons. The Pearson correlation analysis was used to identify an association between variables. Differences were considered statistically significant when P Ͻ 0.05.
RESULTS
Body weight was similar between controls and fructose-fed mice at the beginning and end of the experimental protocol (Table 1) . Twenty-four-hour chow consumption was lower and fluid consumption was higher in the F60 group (2.8 Ϯ 0.2 g chow and 14 Ϯ 1 ml fructose) compared with controls (4.5 Ϯ 0.1 g chow and 6 Ϯ 0.4 ml water). The total caloric intake (chow ϩ fructose or chow alone) was similar between the F60 group (13.6 Ϯ 0.4 kcal/day) and controls (13.0 Ϯ 0.3 kcal/ day).
Metabolic parameters were unchanged after 15 days of fructose overload. However, after 60 days, plasma glucose, cholesterol, triglycerides, insulin, and leptin were increased compared with controls (Table 1) . Plasma resistin and adiponectin were not significantly changed ( Table 1 ). Handling of a glucose load was unchanged at 15 days of fructose but was impaired at 60 days (Fig. 1, A and B) .
Correlation analyses were performed using all data from the 15-and 60-day groups (Fig. 2) . Leptin was significantly correlated with triglycerides (r ϭ 0.77), glucose tolerance (r ϭ 0.84), and insulin (r ϭ 0.86). Plasma insulin was correlated with glucose tolerance (r ϭ 0.77).
Arterial pressure (AP) was recorded continuously for 24 h to determine diurnal patterns. There were light-dark rhythms for AP (ϩ12%, C; ϩ12%, F15; ϩ14%, F60; % change from light to dark) and HR (ϩ13%,C; ϩ12%, F15; ϩ17%, F60; % change from light to dark). Results showed that 15 or 60 days of fructose consumption increased SAP and MAP in both the light and dark periods. The HR was increased in light and dark periods in F15 group compared with C groups (Table 2) .
A high sampling rate was used to measure variance and spectral parameters (1-h recordings during the light and dark phases). Results obtained from this analysis corroborated the 24-h data, showing increases in SAP at 15 and 60 days (Fig. 3) . The changes in AP after fructose overload could not be explained by increased locomotor activity, which was not altered ( Table 2) .
PI and SAP variability were evaluated in time (variance) and frequency domains using autoregressive spectral analysis. SAP variance (SAP VAR) was increased in the 15-day fructose group during the dark period, while increases were seen at 60 days during the light and dark phases. Just 15 days of fructose consumption induced a marked increase in the LF component of SAP variability. This difference was also observed in the F60 group. Additionally, SAP VAR and LF were enhanced in the dark period compared with the light period in all of the groups (Fig. 3) .
There was an increase in PI variance, LF component, and in the LF/HF ratio of PI variability in both fructose groups (F15 and F60) compared with controls. The RMSSD and HF component of PI variability were not changed by fructose consumption. There was no significant effect of circadian rhythm (light vs. dark) in PI variability for the groups (Table 3) .
The spontaneous BRS was attenuated in the dark and light periods in both fructose groups (F15 and F60) compared with controls. There was no significant effect of circadian rhythm (light vs. dark) on BRS (Table 3) .
Correlations were performed using the spectral data from the fructose groups. There were positive correlations between LF SAP and SAP (r ϭ 0.81) (Fig. 4A) . The LF/HF of PI was also significantly correlated with SAP (r ϭ 0.61) (Fig. 4B) .
DISCUSSION
The major aim of the study was to investigate the time course of metabolic, autonomic, and cardiovascular alterations induced by fructose overload in mice. In a previous study, we reported that consumption of high-fructose chow in mice produced nocturnal hypertension and autonomic imbalance, changes thought to be related to activation of the sympathetic and RAS systems (13, 14, 41) . The results of the present study, which tested the effect of fructose given in the drinking water show 1) insulin resistance, increased plasma levels of cholesterol, triglycerides, and leptin after 60 days of fructose; 2) increase in SAP and MAP during the light and dark periods from day 15 of fructose; and 3) cardiac and vascular sympathetic increased modulation and spontaneous baroreflex attenuation from day 15 of fructose. Results show that chronic consumption of fructose induced physiological changes consistent with metabolic syndrome. The key finding was that dysfunction of cardiovascular autonomic control occurred prior to any metabolic changes.
To provide accurate and reproducible measures of autonomic function, it is important to record AP at high frequencies and over long periods. This was achieved in the present study via use of radiotelemetry. The method provides measures of AP during sleep and wakefulness cycles without human interference. A caveat in the method is that the catheter is implanted in the carotid artery, and this could interfere with baroreceptor function. However, numerous studies from our laboratory and others have documented the usefulness of the technique in measuring BRS under different physiological conditions (8, 13, 14, 44) .
Using radiotelemetry, we observed that AP and HR were higher in the dark (awake period) over the light period (sleep period) in both control and fructose mice. This was seen with the 24-h recording (500 Hz), as well as the 1-h recording (5000 Hz). The important finding with respect to the cardiovascular system was the increase in light and dark AP levels in the fructose groups (15 and 60 days) compared with controls. The differences were evident in both the 1-and 24-h recordings. Locomotor activity in light and dark periods was similar between control and fructose groups, suggesting that the fruc- tose-induced AP increase was not related to increased locomotor activity.
There is evidence that the LF components of SAP and PI are related to cardiac and vasomotor sympathetic modulation, respectively (37, 42) . Aiming to understand the mechanisms involved in the AP increase in animals treated with fructose, we analyzed PI and SAP modulation. Although it seems paradoxical that the increase in total variance of PI was accompanied by an increase in LF component of HRV, other indices of parasympathetic modulation, such as HF component of HRV and RMSSD, did not change. Data suggest that the increase in LF component cannot be attributed to increased parasympathetic modulation, as described by Tank et al. (44) . In our study, the increase in LF component of HRV may explain the increase in the total HRV in mice ingesting fructose. Additionally, the marked enhancement in the LF/HF ratio and the decrease in BRS in fructose mice at 15 and 60 days suggested a shift in autonomic nervous system balance, characterized by an increase in cardiac sympathetic modulation. These cardiac and BRS changes were not observed when mice were provided fructose in chow (60-day exposure) (13), suggesting an exacerbation of autonomic effects when fructose was given in the drinking water. Moreover, the increase in HR observed after 15 days of fructose may be related to the increased LF/HF ratio. In fact, we observed increased HR along with reduced vagal tone in female rats submitted to 60 days of fructose overload in drinking water (5) . In healthy humans, acute ingestion of a fructose solution also enhanced HR, AP, and sympathetic modulation, while it decreased BRS (6) .
Our findings clearly show that fructose modulates vasomotor sympathetic tone during the light and dark periods. The increase in the LF component of SAP in the fructose groups suggests a role for sympathetic overactivity in the AP increase. This was reinforced by the positive correlations between LF, SAP, and SAPVAR and also between LF/HF of PI and SAP. Farah et al. (13) also showed that 60 days of fructose treatment in mice increased AP, the LF component of SAP and SAP variance. The changes were specific for the dark period, which is different from the present study in that AP and sympathetics were increased in both light and dark periods. The difference in the results may be related to the mode of access, the rapid sensory activation provided by liquid fructose as opposed to the dietary administration, which would occur on a longer time frame. Similar increases in AP and sympathetic modulation were observed in humans in response to an oral fructose overload (6) . Another means to examine sympathetic input is to study the central nervous system, specifically brain stem autonomic centers. This was accomplished using quantitative in situ hybridization for tyrosine hydroxylase (TH) mRNA, the rate-limiting enzyme for catecholamine synthesis. We found that TH mRNA expression was significantly increased in the brain stem locus coeruleus, a source for sympathetic innervation of the periphery. This was seen at the 15-day time point (data not shown). Similar changes in brain stem THmRNA were accompanied by increased LF of SAP (13) in mice submitted to 60 days of a fructose-enriched diet. Importantly, this autonomic imbalance in fructose fed-mice was correlated with renal dysfunction (8) . Clinical studies have shown a correlation between elevation in SAP variance and target organ damage in hypertensive patients (15, 38) , as well as with increased cardiovascular morbidity and mortality (25) .
With regard to metabolic indicators, the changes occurred at the late, but not the early, time point. After 60 days of fructose overload, there were increases in plasma glucose (26%), cholesterol (44%), triglycerides (22%), insulin (95%), leptin (63%), as well as glucose intolerance. These results are sup- ported by our previous study, which showed that liquid fructose intake in mice increased leptin and insulin (36) . Studies in rats also showed that fructose consumption induced hypertension associated with moderate glucose intolerance, increased plasma insulin, cholesterol, and triglycerides (20, 23, 24) . Consumption of fructose in addition to inducing insulin resistance causes unfavorable changes in lipid profiles. Studies in mice subjected to fructose overload demonstrated that hypercholesterolemia was accompanied by aortic atherosclerosis, demonstrating the tissue pathologies of the treatment (34) . There is also evidence that insulin resistance, demonstrated in the present study by increased plasma glucose and insulin and changes in the glycemic response to glucose (GTT), increases the risk of cardiovascular mortality, perhaps via sympathetic activation (4, 11) . Indeed, in humans, it was demonstrated that fructose infusion increased the release of epinephrine (16) .
With regard to the metabolic pattern, there was a significant increase in plasma insulin and leptin in the F60 group. A stimulatory effect of fructose on plasma insulin was generally reported (32, 34, 36) . However, a previous study by Farah et al. (13) , reported unchanged insulin levels in fructose-fed mice. One explanation for the difference in results is the mode of fructose administration, chow vs. liquid. The insulin increase detected in the F60 group is likely related to the reduction in glucose tolerance, which was reinforced by the correlation between insulin and glucose tolerance.
There was also evidence for increased adiposity in the 60-day fructose group (data not shown). Body fat has been linked to insulin and leptin resistance, providing a possible mechanism. Adipose tissue is an active endocrine and paracrine organ that releases a large number of cytokines and bioactive mediators, such as leptin, adiponectin, interleukin-6 (IL-6), and tumor necrosis factor-␣ (TNF-␣) (28, 46) . These substances negatively influence glucose and lipid homeostasis, blood pressure, coagulation, fibrinolysis, and inflammation, which may lead to endothelial dysfunction and atherosclerosis (28, 46) . In the present study, correlation analysis showed that plasma leptin variability explained 60% of triglyceride variability, 74% of insulin variability, and 71% of glucose tolerance variability in our sample. Other studies have demonstrated similar correlations. For example, in men, insulin sensitivity was correlated with leptin, while in women, insulin sensitivity is influenced by a complex cadre of factors (30) . Lee et al. (29) showed a correlation between changes in leptin and triglycerides in fructose-fed rats. More recently, Shapiro et al. (42) demonstrated that chronic fructose consumption in rats induces leptin resistance prior to increases in body weight, adiposity, leptin, insulin, or glucose. Fructose-induced leptinresistance also accelerates dietary high-fat-induced obesity (42). Sakar et al. (40) identified a positive regulatory control loop between gut leptin and fructose, in which fructose triggers release of gastric leptin, which, in turn, modulates metabolic function in the liver. This loop appears to be a possible mechanism by which fructose rapidly becomes lipogenic, resulting in cellular pathologies.
Finally, it is important to emphasize that fructose-induced autonomic imbalance precedes the hormonal and metabolic changes. These data suggest that autonomic changes modulate hormonal and immune function, by inducing release of bioactive molecules, which are involved in the development of the profile changes (3, 21, 28, 46) . The bigger differences are in autonomic balance, which likely lead to other clinically significant hemodynamic changes. Indeed, although the animals were not hypertensive in the light period (SAP Ͼ 140 mmHg or DAP Ͼ90 mmHg), there was an increase in MAP and SAP in the fructose groups compared with controls. Ribeiro et al. (39) demonstrated that insulin resistance caused by sucrose feeding is due to an important impairment of the hepatic parasympathetic nerve-dependent component of insulin action. In fact, autonomic imbalance has been associated with severe insulin resistance (45) , which predates the overt development of type 2 diabetes mellitus by many years (35) . Importantly, the impairment of the parasympathetic nervous system has been considered to be an etiological factor in the pathological process, rather than just a consequence of diabetes (7) . Evidence showed decreased parasympathetic vagal activity in high-fructose-fed rats (35) . Our group also demonstrated a positive correlation between cardiac parasympathetic dysfunction and insulin resistance in female fructose-fed rats (5).
In conclusion, results document the time course of the metabolic, hormonal, and autonomic responses to fructose consumed in the drinking water. The pattern of response shows that increased sympathetic modulation for vessels and heart preceded the development of metabolic dysfunction.
Perspectives and Significance
In recent years, there is increasing emphasis on a causal role of autonomic imbalance in the etiology of metabolic syndrome (27) . In this imbalance, a decrease in parasympathetic activity seems to be the determining factor in the development of insulin resistance (31) . Adipose, gut, and hepatic tissues that secrete metabolically important hormones are heavily innervated by sympathetic and parasympathetic fibers. Parasympathetic input modulates insulin sensitivity and opposes catabolic effects of sympathetic activation (26) . Thus, our data provide evidence that autonomic imbalance, demonstrated by increased sympathetic modulation to the cardiovascular system (and, consequently, reduced parasympathetic modulation), could trigger hemodynamic and metabolic changes induced by fructose overload. Data suggest that autonomic imbalance may be a key mechanism underlying the cluster of cardiovascular and metabolic symptoms associated with cardiometabolic diseases.
